The purpose of this study is to demonstrate an application of a hydroinformatics methodology for analysis of transport timescales in a large reservoir. Therefore, a laterally averaged two-dimensional numerical model was used to estimate the transit time, flushing times and combination of these two timescales by modeling about 230 scenarios in the Dez reservoir.
The purpose of this study is to demonstrate an application of a hydroinformatics methodology for analysis of transport timescales in a large reservoir. Therefore, a laterally averaged two-dimensional numerical model was used to estimate the transit time, flushing times and combination of these two timescales by modeling about 230 scenarios in the Dez reservoir.
The model was calibrated using temperature profiles and then executed for a period of two years (2002) (2003) (2004) . A possible characterization of the flushing time as e-folding time was investigated and the results revealed that the e-folding time, which is simpler to estimate, can be used in place of the flushing time in the Dez reservoir. The effects of the location of the outlet on each of these timescales were also investigated. Results indicated that the mean residence and flushing times have their smallest value when the outlet is set in the middle of the Dez dam. The mean flushing times were also less sensitive to thermal structures of the Dez reservoir than the transit times. Finally, the temporal patterns of these timescales were elucidated. It was found that no single transport timescale can be used for all conditions. 
INTRODUCTION
The water quality of aquatic systems relies mainly on the hydrodynamic processes that transport water and its constituents. Residence times and flushing times are measures of water-mass retention within defined boundaries. These timescales are a first-order description of a set of multiple processes involved in transport and are the key parameters controlling the system behavior (Monsen et al. 2002) . By estimating the retention time, the fate of the substances transported within the water can be understood.
Moreover, by comparing the water retention time and timescales of biogeochemical processes, the dynamics of populations and chemical properties can be described (e.g.
Abdelrhman 2005
). There are many biological and chemical implications about these timescales, yet engineers and scientists have widespread misconceptions and confusion doi: 10.2166/hydro.2010.161 about suitable methods for the determination of these timescales (Monsen et al. 2002) . These confusions are the result of ignoring the underlying concept used (e.g. Hecky et al. 1993) or idealizing the circumstances that are constrained by critical assumptions (e.g. Andrews & Muller 1983) .
A broad range of water quality phenomena are described by means of hydraulic timescales. For instance, Vollenweider (1976) described algal biomass as a function of phosphorus loading rate scaled by the flushing time using an empirical model of lake eutrophication. Hilton et al. (1997) analyzed the residence time of freshwater in Boston's inner harbor and evaluated the water quality impacts of combined sewer overflows. Hamilton & Lewis (1987) used the concept of water retention to explain the thermal stratification in a lake. Other applications of transport timescales in lakes and reservoirs can be found in the work of Foy (1992), Sivadier et al. (1994) , Straskraba et al. (1995) and George & Hurley (2003) .
To estimate the exchange and transport processes in water bodies, different transport timescales such as residence time, age, flushing time, transit time, etc., have been proposed. Zimmerman (1976) and Dronkers & Zimmerman (1982) introduced the basic concepts of transport timescales and their application in water bodies.
In their works, they carefully defined the commonly used terms to measure the retention of water or scalar quantities transported in the water. Takeoka (1984) introduced the residence time analogous to the definition of age and transit time. Deleersnijder et al. (2001) demonstrated the potential of age as a tool for under- To analyze the transport processes in the Dez reservoir, the CE-QUAL-W2 model (Cole & Wells 2002) , a two-dimensional laterally averaged model, was used. The
Dez reservoir was selected because it is one of the most important water bodies in Iran and the outcomes of this study can be used in the prediction of its water quality, thermal stratification and also optimized planning and management. In addition, limited studies have been carried out on this type of aquatic environment and this study can increase our knowledge of reservoirs' dynamics.
The CE-QUAL-W2 model was appropriate for the Dez reservoir considering its shape and hydrodynamic behavior. In this study, first, the flushing time of the Dez reservoir was estimated using different methods. Second, the transit time in the Dez reservoir and the mean flushing time (Rueda et al. 2006 ) of the Dez reservoir were estimated by physically based approaches. As the Dez reservoir is one of the key aquatic environments in Iran, therefore, precise and convenient methods were needed to calculate its parameters. Hence, possible characterizations of flushing timescales as e-folding times (which are simpler to calculate) in steady and unsteady flows (which are simpler) were investigated.
As one of the important parameters to further development of the Dez dam, the effect of the location of the outlet on each of these timescales was researched. Also, in order to achieve an overall estimate of the Dez reservoir's retention times, integrated timescales composed of the transit time and mean flushing time were estimated. Lastly, these hydraulic timescales were compared and their temporal patterns and the hydrodynamic processes causing these temporal variations were discussed.
STUDY AREA
The 
HYDRAULIC TIMESCALES Basin average residence time
Basin average residence time or flushing time (T f ) refers to an integrated quantity. As defined by Geyer et al. (2000) , it is "the ratio of the mass of a scalar in a water body to the rate of renewal of the scalar". Therefore, the flushing time can be estimated by dividing the water body volume (V) by the volumetric flow rate (Q) (Equation (1)). The main limitation of the flushing time estimated by this approach is that it describes the exchange characteristics of a water body without consideration of the physical processes and their spatial distribution:
Since the quantities of V and Q cannot be obtained easily, T f is usually estimated using another method. In this other method, the water body is assumed to behave as a completely stirred tank reactor (CSTR), and flushing time is estimated by observing the outflow concentration over time.
The major assumption for the CSTR model is that any entrance of mass is instantaneously and evenly mixed throughout the system, so the concentration of a constituent exiting the system is equal to the concentration everywhere inside the CSTR (Monsen et al. 2002) . However, in
Equation (1), it is only assumed that the system is in a steady state yet without mixing. If both the volume and flow remain constant over time, the concentration inside the CSTR is (Thomann & Mueller 1987 )
where C 0 is the initial concentration. If, in the above equation, t equals the flushing time, then the ratio of C/C 0 will be 37% (e 21 ). This means, although the flushing time implies complete renewal of the system, the flushing is never complete in a CSTR, and the flushing time of the CSTR only reflects the average amount of time the mass spends in a system. Dronkers & Zimmerman (1982) proposed an alternative method, accounting for dispersion, for estimation of flushing time in a water body. If the system is loaded with a continuous point source, assuming that the system will finally reach equilibrium, the flushing time can be estimated as
where M is the mass of scalar within the domain and M 0 is the loading rate of tracer (mass time 21 ). When applying this method in tidal, river-influenced systems, it should be noted that currents and transport vary continuously over multiple frequencies. Hence, the assumption of steady state for these kinds of water bodies would lead to incorrect results.
Transit time and residence time distribution
When a particle enters a water body at time t 0 and position a, it has a trajectory x(a, t, t 0 ). This particle will leave the water body at time t n . The time that this particle needs to pass from inlet to outlet (from time t 0 to t n ) is called the transit time (Bolin & Rodhe 1973) . The period of transit time beginning when the particle reaches x 0 in the system and ends at t n is called the residence time. As a random variable, from starting time t 0 and starting position a, the residence time is described by its probability density function (pdf). This pdf is called the residence time distribution (RTD).
In order to determine the RTD, a known mass, m 0 , is released at time t 0 and location a. Then the time-varying tracer mass, m(t), remaining in the water body as a fraction of the initial mass m 0 , is tracked. m(t) is the amount of the material whose residence time is larger than t. The quantity m(t) is obtained from the spatial integration of the measured concentration within each of the cells in the water body. The residence time of a tracer particle is the time needed for that particle to leave the domain, provided that none of the tracer particles leaving the water body ever return. The RTD can then be defined as the rate of mass loss versus time (Hilton et al. 1997) :
By definition, the mean residence time can be calculated based on the first moment of r(t) or the zeroth moment of m(t):
If, instead of tracking the particles released in a singular location at t ¼ 0, one tracks the group of water particles released homogenously in the whole water body, a bulk or integrative description (with no spatial dependence) of the transport properties of a water body can also be defined.
The probability density function of residence time for this integrative timescale is called the flushing time distribution (FTD). In order to estimate the FTD for time t 0 , the tracer should be released uniformly throughout the system. Then, the FTD can be calculated from Equation (4) and the mean flushing time from Equation (5) (Rueda et al. 2006) .
Considering the fact that the RTD (or FTD) has
an exponential form in a CSTR, the mean residence time is equal to the flushing time T f and e-folding time,
i.e. 37% (e 21 ) of initial mass still remains in the system after t ¼ T f . This suggests that flushing timescales in non-CSTR systems can probably be characterized as the e-folding time, the time needed that the mass remaining in the system reaches 37% (e 21 ) of the total mass initially released (Rueda et al. 2006) .
METHODS

Model description
To estimate the timescales in the Dez reservoir, a set of conservative tracer release experiments were simulated using the CE-QUAL-W2 model, a two-dimensional laterally averaged hydrodynamic and water quality model. This model is capable of modeling stratified water bodies and has been applied in a vast range of studies (Garvey et al. were simulated to assess the temporal pattern of the transit time in the reservoir. Each release experiment was identified by the day when the experiment was conducted.
The numbers of days were counted from 1 January 2002.
To estimate the transit time, the time-varying tracer mass was computed. In order to form the m(t) for each This estimation is very rough, because the inflow, outflow and thermal structure of the Dez reservoir experienced dramatic variations during the year of simulation (which are not considered in Equation (1)).
Assuming that the inflow and outflow are equal and constant in time, flushing time was estimated from three other methods. By releasing the tracer uniformly in the reservoir the e-folding flushing time was estimated to be 74 days. Using the same experiment, after developing the FTD, the flushing time was estimated to be 77 days using Equation (5). In the third case, a continuous point loading rate M 0 ¼ 50 kg/s was specified in the inflow section of the reservoir. In Equation (3), it is not necessary for the system to have constant flow. However, to approximate the flushing time of the Dez reservoir by this method, it was assumed that the inflow equals the outflow and both were considered to be steady. After about 300 days since the first day of simulation, the system reached equilibrium and the total amount of mass in the system at that time was about 3.5 £ 10 8 kg. Therefore, flushing time from Equation (3) was estimated to be 81 days.
The majority of the previous studies on the estimation of transport timescales were carried out in environments other than lakes and reservoirs, and those trivial studies which were carried out in lakes or reservoirs only dealt with the estimation of transit time, not the mean flushing time. In this study, the mean flushing times of the Dez reservoir were comprehensively investigated. Assuming that the system had an inconstant inflow and outflow, the flushing time for the 37 release experiments (once every 10 days starting at the first day of simulation) were estimated. Figure 5 shows the values of the mean flushing time for these experiments. The average value for the 37 estimated mean flushing times, which were calculated from Equation (5) As shown, the residence time distribution curves consist of a series of spikes. The first RTD, which represent R 426 , consists of two major humps with peaks on days 24 and 57 since the release day, coinciding with the large withdrawal outflows ( Figure 2) . As discussed by Levenspiel (1999) this RTD represents an advective system. In fact, 24 days after the injection of the tracer, the released mass reached the outlet level and a large amount of this mass quickly quit the reservoir (Figure 7(b) ). After 27 days from this event, the largest withdrawal episode occurred and evacuated the remaining mass of the tracer from the reservoir. Figure 7(c) shows the RTD curve for day 516, which consists of several humps. The first hump appears two days after the release and is followed by several other humps. The RTD curve for this experiment has a long tail, which represents the behaviors of a diffusive system. The tracer mass takes more time to leave such systems and therefore the transit time in these systems often has a larger value than that of an advective system. Figure 7(d) shows that the tracer cannot plunge deep into the reservoir and instead enters the surface layers. Then it quickly mixes with the adjacent layers and gradually spreads out through the reservoir.
In fact, the transit time for this experiment can be separated into two periods. The first one starts with the release day and ends when the tracer spreads out through the system. From this moment on, the second period starts. This period can be regarded as a flushing event because, at the beginning of this period, the tracer is nearly uniformly distributed in the reservoir. Now, an explaination of why the values of the transit time had both sub-annual and sub-seasonal variations in the Dez reservoir (Figure 6 ). These variations can be mostly characterized by inflow and outflow fluctuations and the difference between the river water temperature and reservoir water temperature. This difference determines the depth of the river water intrusion. The river water intrudes a level at which the density is equal to that of the river water (level of neutral buoyancy). The withdrawal level is located near the bottom of the reservoir; hence, the deeper the river water intrudes, the shorter the transit time becomes. To further explain the effects of the abovementioned parameters on the transit time, Table 1 is presented. This table embodies six different days and their properties as the transit time, inflow, outflow and inflow temperature. As shown, the difference between the river water and the reservoir temperature for days 449 and 451 was negligible. Thus, the ratio of inflow to outflow for day 451 was significantly more than that of day 449. Hence, the tracer mass remained longer in the reservoir in R 451 and its transit time was considerably longer than that of R 449 .
In the second case, the difference between the inflow and reservoir temperature for days 482 and 486 were close to each other, yet the ratio of outflow to inflow on day 482 was considerably greater than that on day 486, causing a greater difference in their transit times. Finally, the ratios of inflow to outflow for both days 426 and 526 were nearly the same, but the river water was warmer than the reservoir water for day 526. Therefore, the tracer in R 526 flowed over the surface layers and mixed in the reservoir and its transit time became longer.
In natural water bodies, the retention timescale of a the mean flushing time and transit time were the least when the outlet was set at 300 m above the sea level ( Figure 9 ).
As the only effective parameter on the mean flushing time is the outflow volume, the difference between the mean flushing times in the three curves of Figure 9 we can improve the application of transport timescales for describing the dynamic of aquatic systems.
